Introduction
Spinal cord injury (SCI) can cause devastating motor and sensory functional impairment, neurological deficits, and permanent paralysis. Despite various existing methods to treat SCI, the prognosis remains often poor and the recovery process is slow and inefficient (Talac et al., 2004; Kubinová and Syková, 2012; Wang et al., 2013a) . Therefore, there is an urgent need to develop novel treatment methods to improve functional recovery after SCI. One promising approach is the transplantation of stem cells (Coutts and Keirstead, 2008) . Among various candidate cells, bone marrow mesenchymal stem cells (BMSCs) have shown notable potential (Jung et al., 2009) . Indeed, numerous studies have demonstrated that BMSCs can improve anatomical and functional recovery in animal models of SCI (Osaka et al., 2010; Cizkova et al., 2011; Shin et al., 2013) . BMSCs have many additional advantages as a cell source for transplantation; for example, they are easy to obtain, isolate, and multiply from bone marrow (Syková et al., 2006) ; they have immunosuppressant properties (Le Blanc et al., 2004) ; and autologous transplantation of BMSCs overcomes ethical issues associated with other cell types.
The method of transplantation determines the number of cells that can be effectively transplanted and the potential for side effects associated with the procedure, both of which are important factors in the successful treatment of SCI. For instance, direct injection will cause further injury to the spinal cord (Bakshi et al., 2004) , thus limiting the clinical utility of the procedure. To address this problem, a number of investigators have used the convenient and minimally invasive method of intravenous injection to deliver BMSCs (Fujiwara et al., 2004; Hu et al., 2012b) . However, it is less efficient than both direct injection and the emerging lumbar puncture method, which is also minimally invasive and favored for cellular delivery into the cerebrospinal fluid (Bakshi et al., 2006; Paul et al., 2009 ). However, a disadvantage of the lumbar puncture method is the dilution of the cells in the
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cerebrospinal fluid, as it is difficult for the full population of transplanted BMSCs to migrate over long distances and "home in" on the SCI lesion site. Therefore, it is essential to find a more efficient method that can enhance and focus BMSC migration to SCI lesion sites.
In recent years, a magnetic targeted delivery system that directs drugs to tumor sites has gained prominence in cancer treatment (Alexiou et al., 2000 (Alexiou et al., , 2003 (Alexiou et al., , 2005 . The technique involves binding anticancer drugs to magnetic nanoparticles and targeting them to the tumor using an external magnetic field. A similar approach could be used in cell-based therapeutics to target magnetically labeled cells to regions of interest. Superparamagnetic iron oxide (SPIO) nanoparticles can efficiently label cells, endowing sufficient magnetism for remote manipulation by external magnetic fields (Kyrtatos et al., 2009; Vaněček et al., 2012) . In addition, superparamagnetic iron oxide is a non-invasive contrast agent that has been developed for magnetic resonance imaging (Andreas et al., 2012; Wang et al., 2013b) , and enables the tracking of labeled cells in vivo (Hu et al., 2012a; Ramaswamy et al., 2012) . Thus, this technique provides a method for the non-invasive monitoring of the efficiency of cell transplantation procedures.
The purpose of the present study was to investigate the migration efficiency of transplanted BMSCs with the magnetic guiding system, and the feasibility of dynamic magnetic resonance tracking of transplanted BMSCs, in rats with SCI. We also analyzed functional recovery after the magnetic targeted cell delivery method. (NIH Pub. No. 85-23, revised 1996) . All experimental protocols were pre-approved by the Experimental Animal Ethic Committee of Shanxi Medical University, China. BMSCs were isolated and expanded as previously described (Zhang et al., 2009 ). BMSCs were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. The identity of the BMSCs was confirmed by cell morphology, adherence to plastic, and specific surface antigen expression (Yang et al., 2014) . The culture medium was changed once every 3 days, and the non-adherent cells were discarded. Morphological characterization of the BMSCs was observed under an inverted phase contrast microscope (IX70; Olympus, Tokyo, Japan). BMSCs were also labeled with two fluorescent dyes (CM-DI and 4′,6-diamidino-2-phenylindole, DAPI) and viewed under a fluorescence microscope (BX51; Olympus). BMSCs were harvested at 90% confluence. Passage 3 BMSCs were used in this experiment. Anti-rat CD29, CD34, CD44, and CD45 (BD Pharmingen, San Diego, CA, USA) were used (Choi et al., 2006; Lin et al., 2013) . BMSCs were trypsinized and stained with fluorescein isothiocyanate-labeled antibodies for flow cytometric analysis (Song et al., 2014) .
Materials and Methods

Isolation
Labeling of BMSCs with SPIO
The SPIO nanoparticles used in this experiment were Resovist (Schering, Berlin, Germany), containing 28 mg Fe/mL. Based on previous work (Zhang et al., 2009 ), we chose 50 μg Fe/mL as the labeling concentration. The BMSCs were cultured in medium supplemented with 50 μg Fe/mL Resovist and 375 ng/mL poly-L-lysine (Sigma, St. Louis, MO, USA). These components were then incubated together for 24 hours. After incubation, Prussian blue and neutral red staining were used to assess labeling efficiency. The SPIO-labeled BMSCs were incubated for 30 minutes with 2% potassium ferrocyanide, after which the cells were incubated with neutral red. Labeling efficiency was detected by counting the Prussian blue-stained cells. Transmission electron microscopy (JEOL, Tokyo, Japan) was used to observe the presence and localization of the iron particles within the cells.
Assessment of cell vitality
Cell vitality was determined using calcein acetoxymethyl ester and propidium iodide staining in SPIO-labeled BMSCs with or without magnet exposure, and unlabeled BMSCs. After 24 hours, double fluorescent staining of BMSCs was observed under a laser scanning confocal microscope (FV-1000; Olympus). The percentage of surviving and apoptotic cells was calculated in six randomly selected fields.
Establishing models of acute SCI
Forty-five clean adult male Sprague-Dawley rats (weighing 180-240 g, 8-10 weeks old) were purchased from the Experimental Animal Center of Shanxi Medical University in China (license No. SCXK (Jin) 2009-0001). All 45 rats were used for the in vivo part of the study. An acute SCI model was established using the modified weight-drop model, as described previously . Briefly, the rats were anesthetized and fixed on the experimental table in the prone position. A laminectomy was performed at the T 7-8 level. A cylindrical iron rod weighing 25 g was dropped from a height of 30 mm onto the exposed spinal cord to induce a contusion lesion. After the injury, the muscle and skin were sutured in separate layers. Twenty-four hours later, and daily thereafter, the rats were injected intramuscularly with penicillin (2 × 10 5 U) to prevent infection, and manual emptying of the bladder was performed twice a day.
BMSC transplantation
Seven days after SCI, the 45 rats were randomly divided into 3 groups: a magnetic guidance group, a BMSC group and a model group (n = 15 rats per group). The rats in the magnetic guidance group received 50 μL PBS containing 1 × 10 6 labeled BMSCs injected into the cerebrospinal fluid of the subarachnoid space via lumbar puncture; a square neodymium magnet was then fixed at the level of the SCI using medical adhesive tape. The rats in the BMSC group received 50 μL PBS containing 1 × 10 6 labeled BMSCs injected into the subarachnoid space, but no magnet was affixed. The rats in the model group received 50 μL PBS without BMSCs into the subarachnoid space.
Magnetic resonance imaging (MRI) test
At 1, 2, and 4 days after cell transplantation, three rats from each group underwent MRI in a 3.0 T magnetic resonance scanner (Siemens, Trio, Erlangen, Germany) equipped with an animal coil. Magnets were removed from the animals prior to scanning. MRI pulse sequence parameters were T1WI (repetition time = 500 ms, echo time = 15 ms); turbo spin echo T2WI (repetition time = 2,580 ms, echo time = 80 ms); gradient recalled echo T2WI (repetition time = 260 ms, echo time = 20 ms) with a section thickness of 0.8 mm, a field of view of 80 mm × 80 mm, and a matrix of 172 × 192 pixels.
Histological assessment
To determine the localization and number of transplanted BMSCs, the rats were euthanized with an overdose of pentobarbital (100 mg/kg) for histological analysis after the magnetic resonance examination. The spinal cord tissues were then removed, resected, and frozen in liquid nitrogen. To quantify the number of transplanted BMSCs migrating into the SCI lesion, the spinal cord tissue was cut into sections 5 μm thick and stained using Prussian blue . The sections of spinal cord tissue were then observed under an inverted phase contrast microscope.
Immunofluorescent staining
Nerve fibers were detected by immunofluorescent staining using antibodies to the neuronal process marker neurofilament 200. For staining, longitudinal frozen sections (5 μm thick) were first fixed in cold acetone for 30 minutes. The sections were treated with 0.3% triton X-100 for 30 minutes, and immunoblocked with 10% goat serum in PBS at room temperature. The sections were then incubated overnight at 4°C with mouse anti-rat neurofilament 200 antibody (1:200; Sigma) and in goat anti-mouse IgG (1:250; Life Technologies, San Francisco, CA, USA) for 1 hour at room temperature the next day. Nuclei were stained with DAPI, and coverslipped. Ten minutes later, the sections were viewed under a fluorescence microscope (IX70; Olympus). The integrated optical density of stained axons was analyzed using Image J software (NIH, Bethesda, Maryland, USA).
Behavioral assessment
The functional status of the hindlimbs was assessed 7, 14, 21, 28, and 35 days after SCI, using the Basso, Beattie and Bresnahan (BBB) locomotor rating scale (Basso et al., 1995) .
Statistical analysis
Measurement data are expressed as the mean ± SD. Statistical analyses were performed with SPSS 12.0 software (SPSS, Chicago, IL, USA). For cell viability assays, analysis of variance was applied to identify significant differences. BBB locomotor rating scores and cell counts at different time points were carried out using repeated measures analysis of variance. P < 0.05 was considered statistically significant.
Results
Characteristics of BMSCs
The BMSCs retained their adherence properties after isolation from rat bone. After 2 weeks in culture, the BMSCs were spindle-shaped ( Figure 1A) . Under a fluorescence microscope, the nucleus and cytoplasm of the cells fluoresced blue and red, respectively ( Figure 1B) . To characterize their phenotype, we also examined the cell markers CD29, CD34, CD44, and CD45 using flow cytometry (Dominici et al., 2006; Kuhn and Tuan, 2010) . The BMSCs were positive for CD44 and CD29, but negative for CD34 and CD45 ( Figure  1C) , showing that the cells highly expressed markers characteristic of mesenchymal stem cells and were negative for endothelial and hematopoietic cell markers.
Efficiency and viability of BMSCs labeled with SPIO nanoparticles
To determine whether the SPIO nanoparticles were internalized by the BMSCs, we performed Prussian blue staining and transmission electron microscopy. Colabeling of the SPIO nanoparticles with Prussian blue in the cytoplasm indicated their internalization by the BMSCs (Figure 2A) . As further confirmation, SPIO nanoparticles were also observed as an electron-dense structure inside the cytoplasm of labeled BMSCs by transmission electron microscopy ( Figure 2B, C) . Calcein acetoxymethyl ester/propidium iodide staining showed that the average viability of the BMSCs was not significantly different between BMSCs, SPIO BMSCs and SPIO BMSCs with magnet groups (P > 0.05; Figure 3 ).
SPIO-labeled BMSCs migrated into the lesion site in SCI rats
After cell transplantation, in vivo MRI showed that the SCI lesions in the magnetic guidance and BMSC groups had hypointense signal spots on T2WI, which never appeared in the model group ( Figure 4A) . One day after cell transplantation, the hypointense signal spots appeared in the lesions of the SCI. At 2 days, the area of hypointense signal spots in the lesion was notably greater than at day 1, but had reduced by 4 days. Moreover, the area of hypointense signal spots in the magnetic guidance group ( Figure 4B ) was greater than in the BMSC group ( Figure 4C ) at 1, 2, and 4 days after cell transplantation (P < 0.05; Figure 4G ). Together, these data indicate that SPIO-labeled BMSCs in the SCI lesion can be dynamically and non-invasively tracked in vivo using MRI, and that a greater number of BMSCs migrated into the lesion site when a magnetic field was applied over the site.
Histology of migrated SPIO-labeled BMSCs in the SCI lesion
Histological analysis demonstrated that Prussian bluestained BMSCs appeared in the lesion of the SCI in the magnetic guidance and BMSC groups, but not in the model group ( Figure 4D) . The number of blue-stained BMSCs in the magnetic group ( Figure 4E ) was significantly higher than in the BMSC group ( Figure 4F ) at each time point (P < 0.05; Figure 4H ). Moreover, in the magnetic guidance group, the number of BMSCs was significantly greater at 2 days after cell transplantation than at 1 day. By 4 days, the number and staining intensity of BMSCs had reduced ( Figure 4G ). The present histological findings are consistent with the pattern of signal intensity in the magnetic resonance images on T2WI at each time point. We then assessed axonal integrity in sagittal sections of SCI sites. Immunofluorescence staining indicated that neurofilament 200 immunoreactivity in axons was much higher in the magnetic guidance group (Figure 5A ) than in the BMSC group (P < 0.05; Figure 5B, D) . In addition, neurofilament 200 immunoreactivity in the magnetic guidance and BMSC groups was higher than in the model group (P < 0.05, Figure 5C, D) . These data suggest that the BMSC transplants improved axonal recovery and enhanced the infiltration of BMSCs in the magnetic guidance group, further promoting recovery.
Functional recovery after magnetically labeled BMSC transplantation
The BBB locomotor rating scale was used to assess the functional status of the hindlimbs of rats (Figure 6 ). At 21, 28, and 35 days after SCI, the BBB scores of the magnetic guidance group were significantly higher than those of the BMSC group (P < 0.05). Moreover, the magnetic guidance and BMSC groups achieved higher BBB scores than the model group at 21, 28, and 35 days after spinal cord injury (P < 0.05).
Discussion Cell transplantation technique
The transplantation of BMSCs has shown great promise in the treatment of SCI (Himes et al., 2006) . The identification of an optimal method of cell transplantation is essential for the successful treatment of SCI. Local injection (Bakshi et al., 2004) , intravenous injection (Fujiwara et al., 2004; Hu et al., 2012b) and lumbar puncture (Bakshi et al., 2006; Paul et al., 2009) , are currently the most common methods of cell transplantation in animal models of SCI. Although direct injection can deliver a large number of BMSCs into the spinal cord tissue, the entry of the needle itself causes further injury. Intravenous injection and lumbar puncture methods are far less invasive, but have a low efficiency, as few transplanted cells ultimately migrate to the SCI lesion. Therefore, a means of increasing the number of cells delivered to the lesion after transplantation is key to improving functional recovery after SCI.
SPIO-labeled cells obtain magnetic properties and can be remotely manipulated using a magnetic field. Here, we used an external magnetic field to concentrate the SPIO-labeled BMSCs in the subarachnoid space of the lesion. From magnetic resonance images and histological findings, we found that the number of BMSCs in the magnetic guidance group was greater than in the ordinary lumbar puncture group at the same time point. This phenomenon indicated that the magnetic field can guide the SPIO-labeled transplanted BMSCs through the cerebrospinal fluid to the lesion site, to maximize the number of BMSCs resident at the lesion. Our study thus demonstrated that using nanoparticles to magnetize cells provides a means to promote the accumulation of SPIO-labeled BMSCs in an area of interest. Magnetic guid-ance technology for cell delivery is therefore a promising avenue in the clinical treatment of SCI.
MRI tracking of labeled cells
After cell transplantation, the non-invasive tracking of cells plays an important role in monitoring the time course of cell migration and the degree of cell homing (Chaudeurge et al., 2012) . Cell tracking can provide feedback about the lesion sites and aid in the determination of the optimum number of cells to achieve the desired therapeutic effect (Lijkwan et al., 2010) . Among the non-invasive imaging strategies, cell visualization of SPIO-containing cells by MRI is an attractive strategy (Bulte and Kraitchman, 2004) , as it is noninvasive, requires no ionizing radiation, and generates high-resolution images (Saito et al., 2012; Cassidy et al., 2013) . Most importantly, MRI can provide a dynamic assessment of cell migration into target tissues and the grafting process (Mamani et al., 2012) . For example, Peldschus et al. (2007) reported that the detection of single SPIO-labeled BMSCs is feasible on a 3.0T magnetic resonance scanner, and this technique was recently used to track SPIO-labeled BMSCs in vivo by MRI.
In the present study, hypointense signal spots were observed in the SCI lesion on T2WI at all time points. From 1-2 days after cell transplantation, these hypointensities increased in the SCI lesions, which correlated with an increase in the number of BMSCs detected histologically. However, by 4 days, the area of the hypointense signal spots had decreased and the blue staining of BMSCs in the lesion had faded, likely attributable to cell division and iron particle degradation in the transplanted cells.
Locomotor improvement induced by magnetic targeting of BMSCs
A previous study reported that transplanted BMSCs can migrate into the host spinal cord tissue and replace damaged and lost cells, resulting in improved motor function (Syková et al., 2006) . Another study reported that BMSCs can promote axonal regeneration throughout SCI lesions and improve functional recovery by restoring motor control circuitry (Ankeny et al., 2004) . Our results indicate that the immunoreactivity of neurofilament 200 was stronger in the magnetic guidance and BMSC groups compared to the model group, and that the intensity of neurofilament 200 immunoreactivity correlated with the number of transplanted cells. These data suggest that BMSCs may provide a supportive matrix for intraspinal axonal growth, which is essential for functional recovery from SCI (Houweling et al., 1998) .
Further supporting a role for BMSCs in improving SCI recovery, BBB scores were higher in the magnetic guidance and BMSC groups than in the model group. Moreover, the BBB scores of the magnetic guidance group were higher still than those of the BMSC group, indicating that the presence of SPIO-labeled BMSCs can increase BBB scores and improve functional recovery after SCI. The more prominent recovery of the magnetic guidance group might be attributed to the increase in cell number, as employing magnetic guidance for cell delivery was more effective in the treatment of SCI.
In summary, magnetic guidance is an efficient method of enhancing the homing ability of BMSCs to the lesion site in SCI. We transplanted SPIO-labeled BMSCs into the subarachnoid space of SCI rats, and then successfully guided them into the SCI lesion using an external magnetic field. This method of magnetically guided cell delivery provided greater functional recovery than standard lumbar puncture in rats with SCI. Importantly, we have shown here that SPIO-labeled BMSCs can be dynamically and non-invasively tracked in vivo using MRI. Thus, cell delivery methods that exploit magnetic guidance offer great promise for future clinical applications in the treatment of SCI. 
